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ABSTRACT 
A model is presented for a parallel plate electrochemical reactor which has electrodes that are the same size and are close 
together. That is,the distance between the electrodes (S) is much smaller than the length (L) or width (W) of the electrodes. 
Consideration of the material balance quations in light of this small aspect ratio (S/L) condition leads to predictions of de- 
rived quantities of interest (e.g., current efficiency) that depend on the product of the aspect ratio and the Peclet number, 
where Pe = 2VavgS/DR. Predictions of such derived quantities are made for electrolysis of an aqueous, hydrochloric acid 
solution containing copper in a cell with no separator. 
The design of a paral le l  plate electrochemical reactor 
(see Fig. 1) often requires predict ing such quantities as 
the current and energy efficiency for mult iple elec- 
trode reactions, the conversion per pass of a reactant or 
product, and the selectivity of a desired product. For  
example, in a cell with no separator, the electrode 
reactions for electrowinning of copper from a chloride 
solution might be 
CuC132- - ,  CuCI+ ~ 2C1- -t- e -  (anode, reaction 1) 
CuC1 + + 2C1- § e -  -> CuCla 2- (cathode, reaction 2) 
CuCIa 2-  ~- e -  -* Cu -t- 3C1- (cathode, reaction 3) 
Note that CuC132-, or Cu( I )  reacts at both electrodes 
and CuCI +, or  Cu( I I ) ,  is a product at the anode and 
a reactant at the cathode. This scheme is presented here 
as a hypothetical  i lustration of a complex system. The 
possibi l i ty of Cu (I I)  reacting with copper deposited on 
the cathode was ignored for convenience. Many, if not 
most, electrochemical processes of interest are simi- 
lar ly  complicated and often it is some aspect of the 
complexity that dictates the performance of the system. 
The design of an electrochemical cell based on the 
above reactions hould include predictions of the cur-  
rent and energy efficiency for copper deposition, the 
conversion per pass of both Cu( I )  and Cu( I I ) ,  and 
the selectivity of copper deposition. These predictions 
would be expected to depend on, among other things, 
the cell potential,  the flow rate of the electrolyte 
through the cell, and the length of the electrodes at a 
fixed separation. Classical design techniques [see Ref. 
(1), e.g.] cannot be used to make these predictions 
because they do not include the capabil it ies to handle 
the complexit ies due to the above reactions. 
Pickett  ( I ) ,  for example, presents models for paral le l  
plate cells which are based on the assumption that only 
one electrode reaction is important and that it is mass 
transfer  controlled. He does present a method for in-  
cluding an undesired side react ion, but it is cumber-  
some to use. In a different work, he and Stanmore (2) 
do present a model for the case where different elec- 
trode reactions occur at the anode and cathode but do 
not include mult iple electrode reactions. 
Other more complicated (3-10) models have been 
presented for paral le l  p late cells, but they are also not 
suitable here for one reason or another. Sakel laropoulos 
and Francis (3-5) present a model for a paral le l  plate 
cell which does include both series and paral le l  elec- 
* E lectrochemical  Society Act ive Member. 
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trode reactions at one electrode, but does not include 
the reaction at the other electrode nor the effect of the 
separation of the electrodes. Parr ish and Newman (6) 
present a model for a paral lel  plate cell which includes 
the electrode separation and the kinetics of the elec- 
trode reactions (same reaction at both electrodes), but 
does not include mult iple electrode reactions. Caban 
and Chapman (7) present essential ly the same model 
as Parr ish and Newman, but set the cell potential  in- 
stead of the cell current. Caban (8) extends their 
model to include mult iple electrode reactions (and, 
consequently, the abi l i ty to predict current efficiencies), 
but not the conversion per pass of a reactant or prod- 
uct. Lee and Selman (9) extend Caban and Chapman's 
work to include a separator  in the cell and nonisopoten- 
tial electrodes, but do not include the conversion per 
pass. Lee (10) extends their work to include mult iple 
electrode reactions and a heterogeneous reaction a t  
one of the electrodes and a method for predict ing ap- 
J 
Vavg ~ 
J 
JI 
1 
J 
Z 
y ~ x  
0 
Fig. 1. Schematic of a parallel plate electrochemlcal reactor 
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proximately the conversion per pass based on a quasi-  
steady-state approach. Their method is, however, l im- 
ited to cases where the conversion per pass is small.  
Models based on the Parr ish and Newman approach 
are sometimes referred to as thin diffusion layer mod- 
els. They are referred to as such because it is assumed 
in the development of the models that the concentra- 
tion of a reactant is constant in the bulk solution over 
the entire length of the reactor and that he reactant 
concentration differs from its bulk  value only within 
thin diffusion layers on the electrodes. This assumption 
is reasonable if the conversion per pass of a reactant is 
small, but this is often not the case. Another assumption 
used in the thin diffusion layer models is that Laplace's 
equation governs the potential  distr ibut ion within the 
bulk solution and within the thin diffusion layers On the 
electrodes. This assumption is also questionable be-  
cause, as shown by White et al. (11), the potential  at 
an electrode predicted by Laplace's equation can be 
different from that predicted by uti l izing dilute solu- 
tion theory, which includes the effect of ionic migra-  
tion. This difference may be small  but important be-  
cause the predicted current density depends exponen- 
t ia l ly on the potential  difference between the electrode 
and the adjacent solution. It is worth reiterating, per-  
haps, that the major  l imitat ion of thin diffusion layer 
models is that they cannot be used to predict the con- 
version per pass of a reactant because of the require-  
ment that the bulk concentration of a reactant re-  
main the same over the length of the reactor. 
To el iminate these assumptions, a model was de- 
veloped for a paral le l  plate cell which includes the 
effect of ionic migration in the flux expression for spe- 
cies i and uses the electroneutral i ty condition as a con- 
straint to determine the potential  in the solution. This 
method was used by Alk i re  and Ng (12, 13) for a 
model of a porous, f low-by electrode. The approach re-  
moves the l imitations of the thin diffusion layer model 
and provides a method that includes the capabi l i ty of 
predict ing the quantities mentioned above. Also, the 
approach could be extended to handle even more com- 
plicated cases. The model consists of assumptions, ma- 
ter ial  balance equations, the electroneutral i ty con- 
dition, boundary conditions, and parameters. 
Model 
The assumptions made in the development of the 
model are presented first fol lowed by the equations. 
Assumptlons 
The following assumptions apply to the model pre-  
sented here: 
1. Isothermal conditions exist. 
2. Gas generation effects are ignored. 
3. Newtonian electrolyte. 
4. Constant physical and transport  parameters. 
5. Nernst-Einstein equation (ui = Di/RT) applies. 
6. The length (direction of flow) and width of both 
electrodes are large relative to the gap between the 
electrodes. 
7. Dilute solution theory (14) applies. 
8. Wel l -developed laminar flow. 
9. The But ler-Volmer equation can be used to de- 
scribe each electrode reaction. 
10. No heterogeneous or homogeneous chemical reac- 
tions occur. 
1i. Steady-state conditions exist. 
Assumptions 8, 9, 10, and 11 could be modified easily 
to account for turbulent flow, other types of electrode 
reactions, heterogeneous or homogeneous (or both) 
chemical reactions, and dynamic behavior. 
Equations 
In the absence of homogeneous reactions, the steady- 
state mater ia l  balance quation for species i is (14) 
V " Ni : 0 [1] 
where 
Ni -- --DiVci -- ziuiFciVr + vci [2] 
The velocity distribution within the reactor is assumed 
to be we l>aevempea l nunar now ana is given Dy (1) 
v~ = 6Vav, ( y y:2 ) Z Bz [3] 
and 
v~ = 0 [4] 
Since the Nernst-Einstein equation 
Di 
ui = [5] 
RT 
is assumed to be valid, substitution of Eq. [2], [3], 
[4], and [5] into Eq. [1] yields 
ziDi F [ 02"~ 0ci r 0ct 0~ ] 
9 ~ + ~ ~ [6] 
+ ~ ci ox-W + o--~ o--~ + c, oy 2 oy oy 
The electroneutral i ty condition 
zici : 0 [7] 
i 
completes the set of i + 1 equations needed to deter-  
mine values for the i + 1 unknowns (ci and r for 
x > 0 and 0 ~y ~ S. 
Equation [6J can be simplified since the aspect ratio 
(a) 
a = SIL  [8] 
is assumed to be small. This can be seen by substituting 
the dimensionless variables 
= x lL  [9] 
= y /S  [10] 
0i -- Ci/Ci,ref [11] 
into Eq. [6] to obtain 
6SVavg (~ l -  ~12) 08 i -=Di  ( 028i 40~8i ) a  s ~- 
=,o,[ ( oo, ) oo, oo] 
o-7 7 + 0n - - r+-  on 
[12] 
which shows by inspection that a s is a coefficient of the 
terms that contain derivatives in the axial direction. 
These terms are negl igibly small if a is small and the 
derivatives in the axial direction are of the same order 
of magnitude as those in the normal  direction. 1 As- 
suming that these conditions exist reduces Eq. [12] to 
3 DR Pea (~ -- ~)  00__~ 
Di a~ 
,a2oi ziF [ O~ Ooi 8r ] [13] 
where the Peclet number (Pc) is 
2SVavs 
Pe = - -  [14] 
DR 
(Equation [14] is reasonable because the Peclet num- 
ber is defined to be 
Devavg 
Pe = [15] 
DR 
1For the case where a is not small, Eq. [12] should be used for 
the material balance quation for species l, the initial conditions 
replaced by the appropriate boundary conditions, and the IAD- 
Newman (15) or similar technique used to solve the equations. 
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and for flow in a rectangular channel 
48W 
De - -  2 (S  + W)  [18]  
which, since W >> S, becomes De = 2S.) 
Specification of the initial and boundary conditions 
completes the system of equations. The initial condi- 
tions are simply that 
at ~ = O el = 1 Z ziCLre f 81 -- O [17] 
I 
and the boundary conditions are 
at ~--0 (anode) 
Slj inj 
" = - -  Nn i  [18]  
j njF 
at ~i -- 1 (cathode) 
~. SiJ inj  .- Nn i  [19] 
j n jF  
and at both 11=0 and ~=1 
~ zici = 0 [20] 
l 
It should be pointed out that the derivatives in the flux 
expression for species i (Nnt )  are defined to be in the 
positive y direction (from the anode to the cathode), 
and the signs used for Nni in Eq. [21] and [22] are 
consistent with the sign convention that positive cur- 
rent leaves the anode and enters the solution and nega- 
tive current leaves the solution and enters the cathode. 
The normal component of the current density for 
reaction j (inj) is assumed to be given by the Butler- 
Volmer equation and is shown here for reaction j at 
the anode 
~" ~oj,ref Ci o )P I J  
~a jF  / Cio ~q' J  
itCl., ) 
exp[ - -ac iF  (Va- - r163  ] } [21] 
where 
RT ~ s~iln(Ci.ref )
Uj,ref " -  Usj - -  I-]#re -- n jF  t - po " 
RT ~-~ / Ci,re 
"~- "~reF ~ i  
9 Si,re In L-~-o ) [22] 
Equation [21] can be used for the cathode reactions by 
changing Va and Con to Vc and 4'oc, respectively. Substi- 
tution of Eq. [21] and its counterpart for the reactions 
at the cathode into Eq. [13] and [19] yields a system 
of equations for the dependent variables 0~ and F,~/RT 
in terms of the independent variables ~ and n and pa- 
rameters (kinetic, geometric, physical, thermodynamic, 
transport, reference concentrations, and the cell po- 
tential). 
Parameter Values 
The utility of the model can be demonstrated by cal- 
culating the potential and concentration distributions 
within the reactor for the hypothetical case given 
above with HC1 included as a supporting electrolyte. 
The fixed parameter values used here are given in 
Table I for this system of species and reactions. The 
variable parameter values are the average velocity of 
the electrolyte (Vavg), the length of the reactor (L), 
and the potential of the anode (Va) relative to the 
half-cell potential of reaction 1 evaluated at the ap- 
propriate reference concentrations. Note, however, that 
according to Eq. [13], Pe~ is the important indepen- 
REACTOR MODEL 
~bleI .  Fixedpommetervalues 
1039 
Kinetic and thermodynamic  
Reac* 10s~oJ,rer Uj  9 
t ion  ( j )  (A/cm~) a ~aJ r~cJ nj  (V)  b Uj , ref  (V )  c 
1 1.0 0.5 0,5 1 0.438 0 
2 1.0 0.5 0.5 1 0.438 0 
3 100.0 0.5 0.5 1 0.233 0.1143 
T = 298.15 K 
Component (i) React ions 1 and 2 (J = 1, 2) 
SIJ PlJ qlJ 
H* 0 0 0 
CI ~ -2  0 2 
Cu( I )  1 1 0 
Cu (I I)  - 1 0 1 
Component (i) React ion 3 (j = 3) 
SlJ PJJ q2J 
H § 0 0 
C1- 3 3 
Cu(I)  -1  0 
Cu( I I )  0 0 
~/r ~ ~ 0.0V 
Geometric 
S ffi 0.I cm 
Transport  and reference concentrat ions 
10~D~ e l~cl,rc~ 
Component  (1) z, (cm~/sec) (mo l /cm ~) 
H § 1 9.312 1.000 
C1- - 1 2.0~2 1.000 
Cu(I)  f -2  0.720 0.500 
Cu( I I )  1 0.720 0.100 
a Chosen arbitrar i ly .  
bSee Ref. (11, 16). 
e The open-current potent ia l  of react ion j at the reference con- 
centrat ions (Uj,re~) was chosen for convenience to be relat ive to 
react ion 1 (i.e., re = 1 in Eq. [Z2]). 
a Relat ive to the half-cell  potent ia l  of react ion 1 evaluated at 
the reference concentratmns of CI-, CuCL ~-, and CuCI+ (i.e. an 
imaginary  reference electrode at which react ion 1 occurs and 
the reactants  that  part ic ipate in react ion i are at the i r  re ference 
concentrat ions) .  
e Taken f rom Ref. (14, 11). 
f Designated as the l imit ing reactant.  
dent variable and not S, Cars, or L separately. Thus, 
for the case where S and DR are constants, vavg and L 
can be replaced by Pea. Also, note that the cell poten- 
tial (Ecen = Va -- VD is actually the independent vari- 
able, not Va. That is, even though Va and Vc can be 
varied independently within the model, the results de- 
pend only on their difference, not their individual 
values. 
Consideration of the above boundary conditions 
written in dimensionless form gives rise to the follow- 
ing fixed dimensionless parameters 
[ $ i J i~  l 
= nj Ci.ref DiF [23] 
The magnitudes of these dimensionless parameters pro- 
vide a qualitative guide to the relative rates of charge 
transfer to mass transfer as shown in Table II. (Note 
that both ~ij and Pea depend on S.) 
Table II. Fixed dimensionless parameters 
8iJ ~,oJ,ref S 
~'tJ Cl,ref D l l  ~ 
Component (i) React ions 1 and 2 React ion 3 
H+ 0.00000 0.000 
CI- 0.01020 1.530 
CuCI~- 0.00288 0.288 
CuCI + 0.01440 0.000 
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Results  and  Discussion 
Once the fixed and variable parameters have been 
set, the above set of equations can be solved for ei(L 0) 
and 9 (L ~) using an implicit stepping technique (17) in 
the axial  (D direction and Newman's technique (14, 
18) in the normal (~) direction. The accuracy of the 
values obtained for ei and r depends on the number of 
mesh points used in both the ~ and ~ directions. The 
results reported here are accurate to three significant 
digits. This accuracy was obtained by adding addit ional 
mesh point s in both the ~ and ~ directions unti l  the 
results no longer changed to within three significant 
digits. It is worth noting that the potential distr ibution 
does not depend on specification of a reference state. 
That is, it is not necessary to specify the value of ,I, at 
any point. As mentioned above, it is only necessary to 
fix the potential  difference between the anode and the 
cathode and use the electroneutral i ty condition at both 
electrodes (Eq. [20]) to obtain the potential  distr ibu- 
tion between the electrodes. For the results reported 
here the values obtained for 9 varied only sl ightly (ap- 
proximately 5-10 mV) both across the cell and over 
the length of the electrodes, as would be expected for 
wel l -supported solutions, The concentration and po- 
tential distr ibutions obtained can then be used to 
calculate derived information of interest, such as the 
current density distr ibution for each electrode reaction 
along each electrode. 
These current density distr ibutions can be used to 
obtain another quantity of interest ~, which is defined 
as the ratio of the average current  ,density to the aver-  
age l imiting current density 
~avg 
~. = - -  [24] 
~llm,av8 
where for each electrode 
iavs -- ~ inlays [25] 
$ 
with j ranging over the electrode reactions which occur 
at that part icular  electrode. The average normal cur-  
rent density of reaction j ({nj,avg) carl be obtained by 
uti l izing the calculated surface concentration and po- 
tential  distr ibutions and the appropr iate But ler-Volmer 
equation as follows 
1 b .  
/hi,eve -- "~" fO SnJ (X) dx [26] 
The average l imit ing current density for the l imiting 
reactant (as designated by the subscript R, Cu (I) here) 
at the cathode for a one-electron reaction can be ob- 
tained from integration of Eq. [26] with inj(x) re-  
placed by ilim(x) (19) 
- -  FDaCR.ret ( 6rays ~1/3 
ilim(x) = (1 -- t ) r (4 /3 ) \~1 [27] 
where the transference number (t) for the l imit ing re-  
actant is assumed to be zero here due to the wel l -  
supported solution considered. The result of the in- 
tegration and this assumption is that 
-- 3 `2/3 FDaca,ref ( Pe '~1/3 
/lim,avg --" 2LF (413) \ "~"  l [28] 
Note that the value of {lim,avg and, consequently, values 
of ~, depend on the choice of the l imit ing reactant and 
its reference concentration. Here Cu( I )  is chosen to 
be the l imiting reactant and its feed concentration is
chosen to be its reference concentration. These choices 
make tlim,avg the maximum average current density ob- 
tainable for this cell so that ~ is always less than or 
equal to one. 
Equation [28] can be used to normalize the predicted 
current density distr ibutions 
inj (X) 
in j*  (X) = ~ [29]  
ilim,av~ 
as shown in Fig. 2 for a given set of parameter  values. ~ 
Figure 2 shows that the current density distributions 
are highly nonuniform for reactions 1 and 3 as ex- 
pected since the average current density is only sl ightly 
less than the average l imiting current density (~. = 
0.946). 
The predicted current density distr ibutions can also 
be used to derive local and average current efficiencies 
which are defined here as follows 
CEj (x) -- inj (x) /iavr [30]  
and  
CEs -- inJ,avg/iavg [31]  
Figure 3 presents predicted local current efficiencies for 
copper deposition at a fixed value of Pea for various cell 
potentials. The case where the cell potential  varies 
from 0.4 to 0.6V is for a l inear change in the anode 
potential  from 0.4V at ~ -- 0 to 0.6V at ~ = 1. Note 
that the 0.4-0.6V case gives a more uniform current ef- 
ficiency than the 0.6V case. Figure 4 presents the aver-  
age current efficiency for copper deposition as a func- 
tion of Pea for various values of the cell potential. Here 
the average current efficiency for the 0.4-0.6V case is 
higher than either the 0.5 or 0.6V case. This means that 
the current efficiency (or the energy consumption per 
unit mass of product which is s imply related to the 
current efficiency and cell potential) of a process may 
be improved by designing the electrodes to have a de- 
sired potential  drop. 
Another derived quantity of interest is the bulk aver-  
age concentration of species i 
el,ave(X) =~-  c i (x ,y)  dy [321 
= Again the fixed parameter values are given in Table I and the 
variable parameter values are given in the figures. Note that S is 
held fixed. If Pea is varied by varying S then the figures do not 
apply unless the ~,j values are held fixed by changing ioj,rot. 
4.0 
3.0 
2.0 
1.0 
0.0 
"~-~ 1.0 
-2.0 
-3.0 
-4.0 
q$ooo 9 9 9 
D 
Q 
i i , i 
Ec., = 0.6V 
PeG= 10 
= 0.946 
0 
0 
6 I 2 I 
D 0 [] O 0 
c~ o Symbol Reaction (j) 
o o 1 
o 9 2 
o 9 3 
0',0 012 ' 0 1 4 ' 0 1 6 ' 0 1 8 '  J 1,O 
Fig. 2. Normalized current density distributions 
1.0 
0.8 
0.6 m 
..E 0.4 
0.2 
0.0 
" ' . -  ! ! ! . i 
9 9 9 
CellPotential(V) 
9 0.4-0.6 
9 0.4 
9 0.6 
Pea=lO 
I , 
o.o 0.2 
, , . , , , , 
04. 0.8 O.S 1.0 
Fig. 3. Local current efficiency for reaction 3 
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which can be written in dimensionless form as 
c~,~g(x) 
e~,~v~ (~') = [33] 
Ci,ref 
Figures 5 and 6 present he dimensionless bulk average 
concentrations of Cu(I)  and Cu(I I ) ,  respectively, as 
well as their dimensionless concentrations at the elec- 
trodes. 
These bulk average concentrations can be used to 
predict the conversion per pass for a particular species 
which is defined here as 
CPPi : I 1 --  Oi,av~r (~ : 1) { [34] 
Figure 7 shows how the conversion per pass for Cu (I) 
depends on the values of Pea and the cell potential. 
Note that a mild maximum is predicted for the case 
where the cell potential is 0.6V. 
Finally, the selectivity of copper is defined here as 
reals of Cu produced 
Cu selectivity -- 
mols of Cu ( I I )produced 
1.0 n 
0"9 f 9 9149 9149149 
0.8  9  9 
~..-~ 9 
9 0 .7  9 9 
0.6 f 9149 
0.5 
0 
i i i i 
Cell Potential (V) 
A 0.4 
9 0.5  
9 0.6 
z~ 0.4-0.6 
n I ~ I ~ l , I I 
10 20 3O 40 
Pe~r 
F ig .  4 .  Average  cur rent  e f f i c iency  fo r  react ion  3 
I 
5O 
1.0 
0.8 
o t- 
O 
0 0.6 
('~ 0.4 
~ 0.2 
E 0.0 ?5 
i e r i i 
E~,l= = O.6V 
~ P,,G = 10 
~ o ,,1 = 0.946 
[] 
[] Bu lkAvg .  Q 
9 Anode 
o 
9 [] 9 Cathode  9 
o 9 
. [] ~ ~ [] [] 
":-:. 9 
0'.0 ' o12 '  o'.4 ; ; ; ' ' " 0.6 0.8 1.0 
Fig. S. Dimensionless Cuff) concentration distribution 
~6 
"E5 
o t-  
04  
o 
I- 
o l  
EO 
I n , i i i r 
E~o~ = 0.6V 9 
9 Anode  Pea = 10 
[ ]Bu lkAvg .  ~ = 0.946 
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~ao ''~ 
[] 0 O [] 0 ~ O 
~' - - . .  . . ~, ; 9 
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Fig. 6. Dimensionless Cu(ll) concentration distribution 
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Fig, 7. Cu(I) conversion per pass 
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Cu selectivity 
mols of Cu(I)  produced -- tools of Cu (II) produced 
mols of Cu (II) produced 
Cu selectivity 
-- I 1--0CuC132-'avg(~:l) / ( ccu'cts~-'re' ). - -1  
0CuCl+,avg(~ = 1)  - -  1 CCuCl+,ref 
[35] 
and is shown in Fig. 8 as a function of Pea for various 
cell potentials. Note that a mild maximum is pre- 
dicted for the 0.6V cell potential case at Pc= ~, 20. 
Conc lus ion  
The parallel plate electrochemical reactor model pre- 
sented here may be useful for design purposes if the 
necessary parameter values are known. Alternatively, 
the model may be useful for determining some of the 
unknown kinetic or transport parameter values for a 
system of interest by using the model, experimental 
data, and a nonlinear least squares fitting technique; 
however, it should be pointed out that such a procedure 
is not well developed. 
Manuscript submitted Aug. 16, 1982; revised manu- 
script received ca. Dec. 10, 1982. 
Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1983 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 
LIST OF SYMBOLS 
Ci,o concentration of species i at the electrode sur- 
face, mol /cm 3
Ci,ref concentration of species i at the reactor inlet 
(reference), mol/cm 3
Dl diffusion coefficient of species i, cm2/sec 
De equivalent diameter of the reactor (-- 2S 
here), cm 
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1042 
DR 
F 
iavg 
ilim 
iltm. avg 
inj 
inJ, avg 
ioJ, ref 
L 
Nl 
Nni 
Pij 
Pe 
qlj 
R 
sij 
S 
T 
Ui 
U j, ref 
V 
Vavg 
vx 
Vy 
Va 
Vc 
W 
X 
Y 
zi 
Greek 
aaJ 
acJ 
r (4 /3)  
.~- 
11 
01 
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diffusion coefficient of the l imit ing reactant, 
cme/sec 
Faraday's  constant, 96,487 C/mol 
average current density, A /cm 2 
l imit ing current density, A /cm 2 
average l imiting current density, A/cm2 
normal  component of current density due to 
reaction j, A /cm ~ 
average normal  current density due to reac- 
tion j, A /cm 2 
exchange current density of reaction j at ref-  
erence concentrations, A /cm 2 
electrode length, cm 
flux vector of species i, mol/cm2/sec 
normal  component of the flux of species i, 
mol/cm2/sec 
anodic reaction order of species i in reaction j 
Peclet number (-- 2Svavg/DR) 
cathodic reaction order of species i in reac- 
tion j 
gas law constant, 8.3143 J /mo l  K 
stoichiometric coefficient of species i in reac- 
tion j 
electrode gap, cm 
temperature, K 
mobi l i ty of species i, cm~mol/ J -sec 
open-circuit  potential  of reaction j at refer-  
ence conditions, V
electrolyte velocity vector, cm/sec 
average velocity of the electrolyte, cm/sec 
velocity of the electrolyte in the x direction, 
cm/sec 
velocity of the electrolyte in the y direction, 
era /see  
anode potential, V
cathode potential, V
electrode width, cm 
axial  coordinate, cm 
normal  coordinate, cm 
charge number of species i 
S/L 
anodic transfer coefficient for reaction j 
cathodic transfer coefficient for reaction j 
the gamma function of 4/3 -- 0.89298 
dimensionless axial  coordinate (x/L) 
dimensionless normal coordinate (y/S) 
dimensionless concentration 
~J j
po 
r 
r 
r 
average current density relat ive o the average 
l imiting current density (iavg/iltm, avg) 
dimensionless parameter  (see Eq. [23] ) 
solvent density, kg/cm ~ 
solution potential, V
solution potential  at the anode, V 
solution potential  at the cathode, V
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Degradation of Sodium fi"-Alumina: Effect of Microstructure 
Andrew C. Buechele, Lutgard C. De Jonghe, and David Hitchcock 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory, and Department of Materials Science and 
Mineral Engineering, University of California, Berkeley, California 94720 
ABSTRACT 
The effect of microstructure on failure initiation of sodium beta"-alumina solid electrolytes have been investigated by 
acoustic emission detection. Mode I failure initiation follows Weibul] statistics with a modulus of about 2.5. The observed 
average critical current densities were 145 and 640 mA/cm -2 for large and for small grained electrolytes, respectively. 
Nonuniform secondary current distributions near the electrode dges were considered and were found to lead to minor 
corrections to these values. The conditions under which nonuniformity of current would affect failure statistics have been 
considered in the Appendix. Considerations of failure statistics indicate conditions where proof testing may be necessary to 
achieve sufficient reliability. These considerations assume complete quivalence between mechanical nd electrolytic fail- 
ure; the indication is, however, that such equivalence is not valid. 
When sodium-beta or beta" alumina solid electro- 
lytes are subjected to ionic charge transfer in sod ium/  
sodium or in sodium/sul fur  cells, degradation of the 
electrolytes may occur. This electrochemical degra-  
dation may take different forms, as was recently dis- 
cussed by De Jonghe et al. (1). Mode I degradat ion 
involves the cathodic plat ing of Na into a pre-exist ing 
surface flaw on the sodium side of the electrolyte, 
causing crack extens ion  above some crit ical value of 
the current density. This was first discussed by Arm-  
strong et al. (2) (ADT). Several  workers have con- 
sidered refinements of the ADT treatment, attempting 
to derive theoretical ly the critical current density 
thresholds at whs the Mode I crack propagation 
init iates or propagates (3-6). Al l  calculations, how- 
ever, lead to predicted current density thresholds 
that are orders of magnitude higher than the observed 
ones (6). To ful ly unders~nd the factors that deter-  
mine the onset of Mode I degradation, it is first neces- 
sary to measure the  crit ical current density hresholds 
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